ABSTRACT: Continuous measurements of both δD and δ
INTRODUCTION
As the 'third pole' of the world, the Tibetan Plateau is a key region for climate change research. The Hima la yan region in the southern Tibetan Plateau is dominated by both winter westerlies and the Indian summer monson (ISM). However, the local atmospheric circulation and hydrological processes in the high Himalayas related to the 2 circulation systems are not well understood due to the lack of modern meteorological and climatic observations as well as to its complex topographic conditions. Water stable isotopes, such as deuterium (δD), oxygen-18 (δ O + 10), which describes present day global average of isotopes in precipitation (Craig 1961) . The d value is proportional to the effective coefficient of fractionation of water evaporation; it is only slightly changed in the course of equilibrium condensation processes, thus carrying quantitative information about the climate conditions at the oceanic moisture source region (Dansgaard 1964 , Craig & Gordon 1965 . Merlivat & Jouzel (1979) reported that d is primarily dependent on the mean relative humidity of the air masses formed above the ocean surface, with secondary effects from temperature and wind speed (Uemura et al. 2008) . As a result, reconstructing d time series from ice cores offers the potential to estimate how conditions in moisture source regions have varied in the past.
The use of d in reconstructing atmospheric circulation has been widely applied for Antarctic and Greenland ice cores (Vimeux et al. 2001 , Masson-Del motte et al. 2005 , Jouzel et al. 2007 . However, only a few studies have so far addressed d from ice cores in nonpolar regions (Schotterer et al. 1997 , Kreutz et al. 2003 , Ramirez et al. 2003 , Aizen et al. 2005 , Vimeux et al. 2008 . Notably, a decadal resolution d profile obtained from the Dasuopu ice core from the Himalayas (Thompson et al. 2000) is the single long term (AD 1000 to 2000) record for this re gion. Herein we present a high-resolution d record over seasonal and inter-annual timescales from an ice core recovered from the East Rongbuk (ER) Glacier on the northeast saddle of Mt. Qomolangma (Everest) and discuss its variability associated with change in atmospheric circulation.
SEASONAL ATMOSPHERE CIRCULATION PATTERNS IN THE STUDY AREA
The mountains of the Himalayas and Tibetan Plateau intercept considerable moisture amounts due to the topographic blocking effect. During the wet season (June to September), the ISM transports large amounts of water vapor from the Indian Ocean to the Himalayas and the southern Tibetan Plateau, and brings abundant precipitation into these regions. The 2 dominant monsoon moisture trajectories are from the Indian Ocean across the Arabian Sea to the Tibetan Plateau, and from the Bay of Bengal northward to the central Tibetan Plateau along the Yalong zangbo River valley (Lin & Wu 1990) (Fig. 1a) . During the dry season (October to May), winter westerlies split into a northern and southern branch around the Tibetan Plateau (Fig. 1a) , the latter affecting the Himalayas and southern Tibetan Plateau (Wei & Gasse 1999) . In the western Himalayan re gion, the primary weather system called the 'western disturbances' is a lowpressure system that develops when an upper-level disturbance passes over the notch (30°−32.5°N, 70°− 75°E) formed by the Hima la yas and Hindu Kush mountains (Fig. 1a) , which bring considerable snowfall over the western Himalayan re gion (Rao 2003 , Lang & Barros 2004 . Wintertime precipitation in the eastern Himalayas is less than that in the western Hima layas because the influence of the 'western disturbance' on the eastern region is weak.
MATERIALS AND METHODS
The ice core, diameter 9.4 cm, 108.8 m long, was drilled in September 2002 using an electromechanical drill in a dry hole. The core was maintained at <−5°C from the time of drilling until analysis. The ER Glacier covers an area of 48.5 km 2 with a length of 14 km (Fig. 1b) . Its equilibrium line at 6250 m above sea level is among the highest on Earth (Kang et al. 2005) . Repeated GPS surveys in 1998 and 2002 at the ER saddle did not detect horizontal movement of the glacier, indicating minimal flow deformation, yielding an undeformed record. This is supported by the presence of horizontal ice layers in the core. Ice core borehole temperatures ranged from −8.9°C at 10 m to a minimum of −9.6°C at 20 m, then warmed slightly to −8.9°C at the bottom. The combination of high accumulation rates (water equivalent, 50 cm yr −1 ) and low ice temperature results in the preservation of the isotopic seasonal signal in the ER ice core.
The ice core was shipped frozen to Lanzhou, then to the University of Maine for processing. The core was melted into 3123 discrete samples at 3 to 4 cm resolution using an aluminum melter head with the University of Maine's continuous melter system (Oster berg et al. 2006) . The melter head splits the melt water into 2 different channels; meltwater from the outer portion of the core is collected in an outer channel for isotope analyses while the inner water is used for glaciochemical analysis (Kaspari et al. 2007 O between duplicate ana lyses of the same sample was on average 0.06 ‰ (1σ, n = 100). A quadratic error for individual d determinations, estimated by the precisions of δD and δ
18
O, is 0.6 ‰. The ice core was annually dated to the year 1534 at the depth of 98 m using seasonal variations of major ions, trace elements and stable isotopes (δ 18 O and δD), and the timescale was verified using volcanic horizons (Kaspari et al. 2007 ). Below 98 m, the core was dated using a flow model because annual layer counting is not possible due to layer thinning (Kaspari et al. 2008) . The glacio-chemical records including δD (Kaspari et al. 2007 ), trace elements (Kaspari et al. 2009 ), black carbon (Kaspari et al. 2011) , snow accumulation rate (Kaspari et al. 2008 ) and insoluble particles (Xu et al. 2010 ) of this core have been investigated. However, the d record had not been analyzed. Since the 1950s, meteorological observations and atmospheric reanalysis data are available, which assist our investigation into the mechanisms that drive d variability.
Hereafter, we focus on the d record since 1951 and discuss its variability associated with atmospheric circulation. For the analysias of the atmospheric circulation patterns, meteorological fields including wind vectors, air humidity and geopotential height were calculated based on the National Centers for Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR) reanalysis data at 2.5° × 2.5° resolution (Kistler et al. 2001) . Previous studies indicate that the synoptic-scale variability in temperature and pressure in the Himalayas/Tibetan Plateau can be captured by the NCEP/NCAR reanalysis data (Moore & Semple 2004 , Xie et al. 2007 , supporting the use of these reanalyses data to depict large scale atmo spheric circulation systems around the Hima la yan regions.
RESULTS AND DISCUSSION

Seasonal variation
The raw isotopic data (δ O or δD) is primarily controlled by the 'amount effect', which refers to the depletion of heavy water isotopes (more negative δ 18 O or δD) during intense summer monsoon rains (Tian et al. 2001 , 2003 , Lee et al. 2003 , Vuille et al. 2005 , Pang et al. 2006 . Low d values in summer mon soon precipitation are due to limited kinetic evaporation over the Indian Ocean under high surface air humidity conditions. During the dry season, vapor for precipitation generally is derived from continental moisture sources and continental recycling may be important, which would lead to high isotopic values (δ , with a mean value of 1.7 ± 0.7 ‰, 9.9 ‰ smaller than the overall average. During the other periods (i.e. 1951-1959 and 1969-2001) , no significant multi-annual shift or anomaly can be detected. It is well known that d in precipitation is largely influenced by conditions prevailing in the oceanic moisture source region from where precipitation originates. Merlivat & Jouzel (1979) developed a theoretical model, in which a kinetic fractionation effect during vapor diffusion from the air-water interface is incorporated, to describe the δD versus δ To verify our conjecture, the mean moisture fluxes during the ISM season (vertically integrated from 1000 to 300 hPa level) along the major trajectories of the ISM, the Arabian trajectory (~10°-20°N, ~50°-70°E), the Bay of Bengal trajectory (~10°-20°N, 80°-100°E) and the trajectory across the equator from the Southern Indian Ocean (~10°S-10°N, 40°-60°E), were calculated from the monthly mean NCEP/NCAR reanalysis data, as shown in Fig. 3b-d . The ISM index, defined using the difference of the 850 hPa zonal winds between a southern (~5°-15°N, 40°-80°E) and a northern (~20°-30°N, ~70°-90°E) region (Wang et al. 2001) , and the annual mean of d in the ER core are also presented in Fig. 3 ) 1950 1960 1970 1980 1990 2000 1950 1960 1970 1980 1990 2000 1950 1960 1970 1980 1990 2000 1950 1960 1970 1980 1990 2000 1950 1960 1970 1980 1990 (Fig. 4) . The spatial distribution clearly shows lower surface air humidity in the tropical Indian Ocean and higher surface air humidity in the north of the Arabian Sea and Bay of Bengal (Fig. 4) . When the ISM is stronger, more moisture originating from the tropical Indian Ocean (lower surface air humidity) is transported into the ISM region. On the other hand, more moisture originating from the north of the Arabian Sea and Bay of Bengal (higher surface air humidity) is transported when the ISM is weaker. This explains why the d record of the ER core is positively correlated with the intensity of ISM.
However, the abnormally high d value (20.3 ‰) during the period 1960-1964 and the anomalously low value (1.7 ‰) during 1965-1968 correspond to relative humidity of 63.7 and 95.7%, respectively, based on the equation of Merlivat & Jouzel (1979) . It is evident that the anomalous d values of 1960 to 1968 cannot be ex plained reasonably by a change in relative humidity over a fixed ISM moisture source.
1960-1964
The high d value during the period 1960-1964 is indicative of strong kinetic fractionation conditions over the moisture source region. Surface air ) at 1000 hPa level. (d) ER core site humidity over the ISM moisture source region (the Indian Ocean) during the summer monsoon season is generally high, which limits kinetic effects due to a small difference in surface air humidity at the air-sea interface. Thus, we infer that the high d value during the period 1960-1964 is likely related to strong winter westerlies. In Fig. 5 , the anomalies of mean moisture flux at 400 hPa level and geopotential height at 500 hPa level during the dry season over the period 1960-1964 relative to 1951-2001 are presented. We can see clearly from Fig. 5a that the moisture transport from the west is strong, suggesting that winter westerlies circulation intensified during the period 1960-1964. The pressure over the 'notch' (30°-32.5°N, 70°-75°E) and most regions of the Tibetan Plateau is low (Fig. 5b) , indicating the 'western disturbances' en hanced during this period. The enhancement of 'western disturbances' is expected to increase winter/ spring precipitation in the high Himalayas. The air mass for winter/ spring snowfall is carried by winter westerlies, with the moisture most likely originating from the northern Atlantic Ocean and augmented by evaporation from the Medi terranean Sea (Med), the Caspian Sea, the Black Sea and Aral Sea (Fig. 1a ) (Thompson et al. 2000 , Aizen et al. 2005 . However, while being transported eastward, these air masses may have experienced strong kinetic fractionation because of dry climatic conditions during the winter/ spring season. Previous studies have found that the d of moisture from the Mediterranean sea (especially from its eastern part) is very high in winter because of the dry overlying air mass and the strong temperature contrast between the air and the water surface, which results in an isotopic disequilibrium between the moisture in the atmosphere and that of the water body (Gat & Carmi 1970 , Rindsberger et al. 1983 , Gat et al. 2003 , Pfahl & Wernli 2008 . As a result, an air mass that experienced strong kinetic fractionation (especially in the continental water bodies) during eastward transport may be one factor that contributes to the high d value during the period 1960-1964. ) at 400 hPa level, and (b) mean geopotential height (m) at 500 hPa level in the dry season (Oct -May of the following year) during 1960-1964 relative to 1951-2001 (1960-1964 minus 1951-2001) . Contour interval = 3 m. (d) ER core site
In addition, although the western disturbances dominate the non-monsoon precipitation, moisture from the Northern Indian Ocean (especially the Arabian Sea) still affects winter precipitating water in the Himalayas (Numaguti 1999) . In general, air masses associated with winter westerlies are relatively dry. When these dry air masses pass through the Arabian Sea, intense kinetic fractionation is expected to occur and therefore to produce a high d value of water vapor. Therefore, non-equilibrium evaporation over the Arabian Sea could be another factor that causes the high d of the ER core during the period 1960-1964.
The strong winter westerlies circulation during 1960 to 1964 would transport more moisture to the Himalayan region. Air masses from the west would be trapped by the southern barrier of Himalayas, and it is likely that as air masses are forced repeatedly against this barrier that vapor is transported eastward with several recyclings. Thus, the continental re cycling of moisture might be the third factor ac counting for the high d value during this period.
1965-1968
The ER core d values during the period 1965-1968 may imply weak evaporation conditions over the moisture source region. Because the d in winter/ spring precipitation over the Himalayas is generally high, the low d values during 1965 to 1968 are likely related to the ISM or other factors. However, such a sharp decrease of d could not be explained by change of surface air humidity over a fixed moisture source region of the ISM. We suggest a major geographical shift of moisture source region of the ER core during the period 1965-1968. In order to verify our conjecture, the difference in summer mean moisture flux at 850 hPa level between the pe riods 1965-1968 and 1951-2001 is calculated (Fig. 6) . A weak ISM circulation is clearly depicted by the moisture flux off the Somali Coast during the period [1965] [1966] [1967] [1968] . Although the moisture transport from the tropical Indian Ocean decreases under the condition of weak ISM circulation, moisture transport from the north of the Arabian Sea and Bay of Bengal increases (Fig. 6 ). This suggests that, when the ISM is weaker, a greater than normal proportion of vapor originating from the proximal source region (i.e. the north of the Arabian Sea and Bay of Bengal) and a less than normal proportion of vapor from the distal source region (i.e. the tropical Indian Ocean) is transported to the ER core site. Thus, it is suggested that the vapor for precipitation at the ER core site during the period 1965-1968 originates mainly from the north of the Arabian Sea and Bay of Bengal, not the tropical Indian Ocean. As shown in Fig. 4 , it is clear that the surface air humidity over the north of the Arabian Sea and Bay of Bengal is higher relative to that over the tropical Indian Oce an. Therefore, the geographic migration of moisture source region from the tropical Indian Ocean (with a lower air humidity) to the north of the Arabian Sea and Bay of Bengal (with a higher air humidity) may be a key factor accounting for the low d values during the period 1965-1968. Additionally, the in-situ condition at the precipitation site, for example the sublimation of surface snow, could also result in a low d in surface 1965-1968 relative to 1951-2001 (1965-1968 minus 1951-2001) . (d) ER core site snow (Stichler et al. 2001) . The slope of linear regression between δ 18 O and δD in snow would decrease if sublimation of snow occurs. Because the fractionation factor (α) of 2 H or 18 O when the water phase changes from solid to gas are rarely reported, we assume simply that any sublimation of snow at the ER core site occurs at -5°C. Based on the isotope fractionation factor-temperature equations (Clark & Fritz 1997) 1960-1964, and 8.65 ± 0.04 (n = 711) for the periods 1951-1959 and 1969-2001 , are in good agreement with the calculated value. However, a significantly lower slope 8.43 ± 0.28 (n = 57) is observed from 1965 to 1968. Under the condition of weak ISM during the period [1965] [1966] [1967] [1968] (Fig. 6 ), high radiation, low relative humidity and strong winds at the high-altitude glacier sites would occur, which would likely provide good conditions for sublimation. We therefore cannot rule out a contribution of enhanced sublimation to the abnormally low d value during the period 1965-1968.
ISM moisture origin
According to previous studies, there are 2 distinct theories on the origin of ISM moisture: some researchers think that it is mainly formed in the Arabian Sea (Pisharoty 1965 , Rao et al. 1981 , Murakami et al. 1984 , while others suggest that it is from the low-level cross-equatorial moisture flux from the southern Indian Ocean (Pearce & Mohanty 1984 , Ramesh Kumar & Schluessel 1998 . As shown in Fig.  4 , surface air humidity differs for the 2 source regions (higher humidity over the Arabian Sea relative to that over the Southern Indian Ocean). Because d in pre cipitation is correlated negatively with relative humi dity over the source region of precipitation (Mer livat & Jouzel 1979) , the higher (lower) d value at the ER core site likely indicates that greater than normal proportion of vapor from the Southern Indian Ocean (the Arabian Sea) is transported to the ER core site. Good correlations between the d record and the moisture fluxes over the Arabian Sea and the sea off the Somalia coast suggest that the Arabian Sea monsoon trajectory and the trans-equatorial trajectory from the southern Indian Ocean are the main channels of moisture to the ER core site. The result seems to mean that the 2 moisture source regions (the Arabian Sea and the southern Indian Ocean) are both sources of precipitation at the ER core site. According to the recent works about global sources of moisture (Gimeno et al. 2010 (Gimeno et al. , 2011 , both the tropical Indian Ocean and the Arabian Sea could be the moisture sources of the ISM. In this paper, the d approach for determining the ISM moisture origin is possibly limited because the d record of the ER core is not only controlled by the ISM moisture origin, it may be modified by winter westerlies, moisture transport processes and post-depositional conditions (e.g. snow sublimation). Nevertheless, the close relationship between the d record and the ISM moisture flux indicates that the ice core d record in the central Hima layas is a good proxy for the ISM.
Although the high Himalayan region is dominated alternately by winter westerlies and the ISM, the seasonal pattern of precipitation is different between the western and eastern Himalayas. For the western Hima layan region, the wintertime precipitation is comparable with the summertime precipitation due to the 'western disturbances'; however, summertime precipitation dominates the annual precipitation in the eastern Himalayas. The good correlation between the d record of the ER core and the ISM moisture transport (Fig. 3) suggests that the ER core site is representative of the eastern Himalayan re gion. However, the 1960-1964 shift of d (high values) is likely indicative of an invasion of winter westerlies into the ER core site, suggesting that the ER core site may be the most eastern border of the 'western disturbances'.
Some studies indicate that most annual precipitation in the central Himalayas falls during the summer monsoon season based on the observations from meteorological stations located at low altitudes (Shrestha 2000 , Lang & Barros 2004 . However, the contribution of winter precipitation at high altitudes in the central Himalayas to annual totals is not well known. Based on the meteorological observation from stations at high altitudes in the central Hima layas, Lang & Barros (2004) found that high elevations (> 3000 m MSL) receive up to 40% of their annual precipitation as snowfall during winter. The Nyalam weather station (28°11' N, 85°58' E, 3810 m above sea level), established in 1967, is located in the central Himalayas, ~100 km west of the ER core site. According to the monthly precipitation data of the station obtained from China Meteorological Administration, the winter/spring precipitation accounts for 53% of its annual precipitation. During 1960 During -1964 , the winter/spring westerlies strengthened; this was associated with (1) an increase in 'western disturbances', (2) transport to the Himalayas of an increased amount of vapour due to strong evapora-tion from the Arabian Sea, and (3) potential intensification of continental moisture recycling. These factors would probably result in an increase in winter/ spring precipitation. As a result, the considerable spring/ winter precipitation at the ER core site during the period 1960-1964 probably contributes significantly to the high d values during the period; this may be due to different heights of moisture advection by ISM or winter westerlies during 1960-1964.
CONCLUSIONS
The first high-resolution d record of an ice core drilled from the ER Glacier in the high Himalayas suggests a local response to large-scale atmospheric circulation. The following conclusions can be drawn from the study:
(1) The d record of the ER core shows a clear seasonality, with low d values in the wet season and high values in the dry season, reflecting seasonal shifts between winter westerlies and the ISM.
(2) The d record of the ER core is correlated positively with the ISM moisture flux. The mechanism behind it is the surface air humidity difference between the ISM moisture sources, i.e. relatively high surface air humidity over the north of the Arabian Sea and Bay of Bengal and relatively low surface air humidity over the tropical Indian Ocean (especially the southern Indian Ocean). When more moisture originates from the tropical Indian Ocean, the d value of the ER core is higher, whereas the value is lower when more moisture comes from the north of the Arabian Sea and Bay of Bengal. The anomalously low d values during [1965] [1966] [1967] [1968] suggest that the moisture for precipitation at the ER core site during this period may originate mainly in the north of Arabian Sea and Bay of Bengal. The close relationship between the d record and the ISM moisture flux indicates that the ice core d record in the central Himalayas is a good proxy for the ISM.
(3) Although the ER core d record is dominated by the ISM circulation, the abnormally high d values during 1960-1964 are likely due to the enhancement of winter westerlies. The strong evaporation over the continental water bodies (e.g. the eastern Mediterranean, the Caspian Sea, the Black Sea and the Aral Sea), the intense kinetic evaporation over the Arabian Sea, and the potential intensifying continental moisture recycling, together contribute to the anom- 
